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Abstract: We investigate the hybrid exotic meson with J 



PC 



1" 



within the framework 



of an AdS/QCD model. Introducing a holographic field dual to the operator for hybrid 
exotic meson, we obtain the eigen-value equation for its mass. Fixing all free parameters 
by QCD observables such as the /)- meson mass, we predict the masses of the hybrid exotic 
meson. The results turn out to be 1476 MeV for the ground state, and 2611 MeV for the 
first excited one. Being compared with the existing experimental data for the 7ri(1400), 
which is known to be m.,^^ = 1351 it 30 MeV, the present result seems to be qualitative in 
agreement with it. We also predict the decay constant of 7ri(1400): F,ri = 10.6 MeV. 
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1. Introduction 



There has been a considerable amount of interest in exotic mesons well over decades, since 
it cannot be explained by the conventional constituent quark model in which mesons consist 
of quark and antiquark pairs {qq). The nonexotic mesons are restricted to have quantum 
numbers constrained by the following selection rules: P = (—1)^+^ and C = (— 1)^^'^, 
where L and S denote the relative orbital angular momentum and total spin of quarks 
consisting of mesons. Thus, an exotic meson with J^^ = 1 cannot be explained as a qq 
state. It is only possible to produce such a state either as a multi-quark state (tetraquark) 
or as a quark-gluon hybrid state. In particular, it is of great importance to understand the 
quark-gluon hybrid exotic mesons, since it provides a key to examine the role of the gluons 
as basic building blocks for hadrons. 

Since Jaffe and Johnson suggested a possible existence of hybrid mesons Q, there has 
been a great deal of theoretical investigations (see a recent review |^] for full references): 
For example, the bag model [|, |, |, |, 0, the flux tube model g |, 0, |ll|, |12[, the QCD 
sum rules |l|, ^ HI, lattice QCD |o|, IH, etc. Experimentally a hint of 



the exotic meson was already observed many years ago |22]. Later, the lowest-lying hybrid 



exotic meson has been found by various experimental collaborations [23,24, |2^, 27 



and was christened 7ri(1400). The 7ri(1400) is now announced with its mass m-,^^ 
1351 ± 30 MeV and width F^, = 313 ± 40 MeV by the Particle Data Group (PDG) [ 



The AdS/CFT correspondence |3C, 31, 32 1 that connects a strongly coupled large Nc 
gauge theory to a weakly coupled supergravity provides novel and attractive insight into 
nonperturbative features of quantum chromodynamics (QCD) such as the quark confine- 
ment and spontaneous breakdown of chiral symmetry (SB^S). Though there is still no 
rigorous theoretical ground for such a correspondence in real QCD, this new idea has 
triggered a great amount of theoretical works on possible mappings from nonperturbative 
QCD to 5D gravity, i.e. holographic dual of QCD. In fact, there are in general two different 
routes to modeling holographic dual of QCD (See, for example, a recent review [|^): One 
way is to construct 10 dimensional (lOD) models based on string theory of D3/D7, D4/D6 



- 1 - 



or D4/D8 branes |34, |3g, 37, The other way is so-called a bottom- up approach to 
a holographic model of QCD, often called as AdS (Anti-de Sitter Space)/QCD ||3^, 41| 
in which a 5D holographic dual is constructed from QCD, the 5D gauge coupling being 
identified by matching the two-point vector correlation functions. Despite the fact that this 
bottom-up approach is somewhat on an ad hoc basis, it reflects some of most important 
features of gauge/gravity dual. Moreover, it is rather successful in describing properties of 
hadrons (See the recent review p3[). 

In the present work, we want to investigate the quark-gluon hybrid meson with J^'-' = 



1"+, in particular, 7ri(1400), based on the AdS/QCD model developed by refs. [59, 40, HT 



Since the hybrid exotic mesons exist in large QCD as narrow resonant states [42|, it is 
worth while to study it within AdS/QCD. Moreover, the AdS/QCD model has a virtue in 
dealing with gluonic operators for ease of application, since the 5D bulk fields corresponding 
to them can be much more easily handled. In AdS/QCD, the 7ri(1400) may be regarded 
as a spin-1 bulk field with quantum number J^^ = 1 ^ . It can be identified as a first 
excitation of the Kaluza-Klein (KK) modes in this channel. The eigenvalue equation for 
the 7ri(1400) is derived from the classical equation of motion from the 5D action, so that 
the mass of the 7ri(1400) can be obtained by solving this equation. In fact, we will show 
that the 7ri(1400) mass arises from the first zero of the modified Bessel function K^^. 

The present work is organized as follows: In section 2, we briefly review the present 
status of theoretical works for the hybrid exotic mesons. In section 3, we explain briefly 
the hard- wall AdS/QCD model with the bulk field for the hybrid exotic meson taken 
into account. Then, we present the result for the mass of the hybrid exotic meson with 
J^^ = 1 ^ and compare it with those of various models and experimental data. We also 
show the result of the decay constant of the tti hybrid exotic meson. In the last section, 
we summarize the present work. 



2. Hybrid exotic meson with J^*^ = 1 + 

As already mentioned in Introduction, the hybrid exotic mesons have been studied ex- 
tensively in many different theoretical frameworks. In 1980s, various versions of the MIT 
bag model with transverse gluon fields were invoked to predict the existence of the hybrid 
exotic meson with J^^ = 1 ^ under the name of qqG hermaphrodite meson or meik- 
ton 1^, |5|, ^ 0- III the MIT bag model, the lowest state of hybrid exotic mesons consists 
of {qq) and of a transverse TE (magnetic) gluon that is the lowest gluonic eigenmode due 
to the MIT boundary conditions. Having considered C'(as)-order energy shifts, refs. g 
predicted the mass of the lowest hybrid exotic state with J^*^ = 1 ^ to be around 1400 
MeV. 

The flux tube model was frequently used to investigate the hybrid exotic mesons. The 
model was extracted from the strong coupling Hamiltonian lattice formulation of QCD |p3|| . 
The term, "flux tube", mimics a roughly cylindrical region of chaotic gluon fields, which 
confines widely separated static color sources. This flux tube leads to a confining linear 
potential between color singlet q and q. The model contains normal modes of excitation 
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only to the locally transverse spatial direction. The model predicts the lowest state of 
hybrid exotic meson in the range of 1800 - 2100 MeV ||, |, |l^, |ll], |4|, p | . 



In QCD sum rules, the predictions of the mass of the hybrid exotic meson with J^"-" = 
1 ^ do not seem consistent: For example, Balitsky et al. O, 14| estimate the mass around 



1000 - 1300 MeV, while Latorre et al. |T| vote for M(l-+) 2.1 GeV. Refs. 1T|, [T^, |T8| 
suggest even M(l"+) w 2500 MeV. 

While lattice QCD is the most promising way of describing low-energy phenomena in 
QCD, it is still far from the real world, since the pion mass in lattice QCD is still larger than 
the physical pion mass m^r = 139.57 MeV. In fact, Thomas and Szczepaniak examined 
chiral extrapolations in exotic meson spectrum and found that the linear extrapolation 
does not seem working, since the self-energy corrections to the exotic meson mass are most 
likely to introduce some non-linearity in the chiral extrapolation of lattice calculation of 
its mass. 

In QCD, the hybrid exotic meson with = 1-+ can be treated as a vector operator 
consisting of the quark, antiquark and gluon: 

J2(x) = V^(x)r'^G^,(x)7°V(x), (2.1) 

where V'(^) G^a denote the quark field and the gluon field strength defined as G^a = 
G^^t^ with color matrices {tv[t^t^] = Sab/'^)- The represent the flavor matrices 
and we take it as Pauli matrices, since we consider only flavor SU(2) in the present work. 
The two-point correlation function |14] for the vector current in eq. (|2.1|) is written as 



n^, = j d'xe^^-^{T{j-{x)Jtm)o = - [g,. - ^) n^\q') + ^nf{q% (2.2) 

where Uyiq'^) includes the intermediate hybrid exotic vector mesons with J^'^ = 1"+, 
whereas Ils{q'^) contains the hybrid exotic scalar mesons jPC = 0++. The result of the 



operator product expansion (OPE) |14] is given as follows: 



^vil') = -^S^q' H-q') + ■■■, (2.3) 



27l57r3 



where Uv,sS'"'/2 = W^^g. 

We will use this expression (2.4) to fix the 5D bulk field for the hybrid exotic meson. 

3. Hybrid exotic mesons in AdS/QCD 

The metric of an AdS space is defined as 

ds^ = gMNdx^^dx^ = ^('n^^dxf'dx'' -dz^), (3.1) 

Z'^ 

where r]^i, denotes the 4D Minkowski metric: r]^i, = diag(l, —1, —1, —1). The AdS space 
is compactified: IR, boundary at 2; = and UV at z = e — > 0. Thus, the model is justified 
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within the range: e < z < z^. The 5D gauge action in AdSs space with the bulk field for 
the hybrid exotic meson with J^'~'' = 1 ^ contained can be expressed as 



S = J d'^xdz^/gTi 



(3.2) 



where Fmn = QmVn — OnVm — i[VM, Vn] and M, N = 0, 1, 2, 3, 4. The gauge field, which 
is dual to the 4D current in Eq. (|2[|), is defined as Vm = V^jt" with tr(i"t'') = d''^ /2. Note 
that the 5D gauge coupling is not identical to the gauge coupling in |3^, |o| , where the 
bulk gauge field is dual to a 4D vector current ilj(x)^'^t'^ip{x). The 5D mass of the bulk 
field Vm is determined by the relation = (A — p)(A + p — 4) |3^, where A stands 
for the dimension of the corresponding operator with spin p. Since the dimension and spin 



of the operator in Eq. (2.1) are A = 5 and p = 1, respectively, we get the 5D mass of the 
bulk field Vm is: = (5 — 1)(5 + 1 — 4) = 8. The hybrid exotic meson 7ri(1400) may be 
regarded clS Si first Kaluza-Kleein (KK) excitation. 

In ref. [^Gj, it was shown that for small z or near the boundary of AdS space, a 5D 
field (j){x, z) dual to a 4D operator O can be expressed as 

0(x, z) = z^-^-P [0o(x) + 0{z^)] + z^-P [A{x) + 0{z^)] , (3.3) 

where is a prescribed source function for 0{x) and A{x) denotes a physical fiuctuation 
that can be determined from the source by solving the classical equation of motion. It can 
be directly related to the vacuum expectation value (VEV) of the 0{x) as follows |46]: 

A{x) = ^^{0{x)). (3.4) 

Therefore, the bulk field V for the exotic meson has the following asymptotic form at the 
boundary z = e: 

V{z) = Cl^ + C2Z^ (3.5) 
z^ 

where c\ is the source term. 

We now fix the 5D gauge coupling by matching the two-point vector correlation 
function obtained with the action in ( |3.2| ) to the leading contribution from the OPE result 
shown in Eq. ( p.3| ) |14| . Here we choose the axial-like gauge condition Vzix^ z) = 0. It can 
be decomposed into the transverse and longitudinal parts: = {V^)± + (V^)||. Using the 
Fourier transform of the vector field: V^ = f d'^xe^'^'^V^{x, z), we can write the equation 
of motion for the transverse part of the vector field as follows: 

Qa.F;(g, z)) + - V^{q, z)j^ 

where C| = fn^g^. The corresponding solution of Eq.( p.6D can be expressed as a separable 
form: 

{V^{q. ^))± = V{q, z)V;iq), (3.7) 

where V^j^^q) is the Fourier transform of the source of the 4D vector-current operator 
'4iT°-Gfj,a^""il). The explicit solution for V{q, z) can be derived by solving Eq.( |3.6| ), 



0, (3.6) 



V{Q, z) = cizIniQz) + C2zKn{Qz) , (3.8) 
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where In and Kn are modified Bessel functions, n = \/l + C|, and = —q^- The asymp- 
totic form of the bulk vector field at the boundary z = e, which is shown in Eq.(p.5|), 
dictates the following boundary condition: V{Q,e) = c/e^. Here, c is a constant to be 
fixed. We refer to ref. |41] for a similar procedure for a non-exotic scalar two-point corre- 



lator. Imposing the UV boundary condition V{Q^e) ~ we obtain n = 3 (Cf = 8), 

and C2 = cK^^{Qe) / . Note that C| = 8 implies §1 = 1 since m| = 8. Thus, the asymp- 
totic behavior of the bulk vector field dictated by the AdS/CFT correspondence uniquely 
determines the 5D gauge coupling. Since the two-point vector correlation function will be 
obtained at the UV, z = e, we will not explicitly consider the IR boundary condition that 
will fix ci. Then, following the standard procedure given in 

1 



41 1, we obtain 



(3.9) 



Comparing this with the OPE given in Eq. (p.3[) in the leading Q order, we obtain 



1 
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We are now in a position to predict the mass of 7ri(1400). Note that we have no free 
parameter that we may play around to get a desirable value of m^^. The mode equation 
for the exotic meson reads 



1 



/.(^) =0, 



(3.11) 



where V^(x, z) = fi{z)vli\x). The solution is given by, in terms of the Bessel functions, 

fi{z) = aizJ^iniiz) + a2zY3{'miz) . (3.12) 



The KK masses for the exotic mesons are fixed by the IR boundary condition dzfi{z)\z= 
0: 



0. 



(3.13) 



Taking i = 1 for the ground state, we obtain the mass of vri to be m,ri — 1476 MeV that 
is close to the experimental value = 1351 it 30 MeV [29|. In table |l|, we compare the 



Models 



Mass [MeV] 



Present model 
Flux tube models [|, |, |lO|, [ll|, |4 
Bag models |, § 



QCD sum rules [|l|, 0, |T5|, |17 
Lattice QCD[|l9l|2 



Experiment (PDG) p| 



1476 
1800 - 2100 
1300 - 1800 
1200 - 2500 
1800 - 2300 
1351 ±30 



Table 1: Comparison with the results of other models 
present result with other models. The next excited mass for the hybrid exotic meson turns 
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out to be 2611 MeV. As usual, the excited mass seems to be quite large, compared to the 
ground state. 

Finally, we consider decay constant of tti . The decay constant of the vri [|l4| is defined 

as 

{Omx)T''G,^ix)rH^)\Aip)) = -^F^.ml.e^S'^'e^^"', (3-14) 



where -Ftt^ denotes the decay constant of the vri. The is for its polarization vector. 
Following the procedure sketched in |39|, we arrive at the definition of F^^-^ in AdS/QCD: 



(F n.3 f = l(m 



(3.15) 



where fi{z) is the normalized solution of the mode equation, Eq. (3.11), with i = 1. Note 
that the definition of F^_^ is slightly different from that of p- meson given in [3£]: 



1 



(3.16) 



The discrepancy is basically due to a difference in UV boundary conditions: V{q, e) = c/e^ 
for 7ri(1400), V{q,e) = 1 for />-meson. Taking A^'c = 3 in Eq. ( 3.1C| ), we obtain F.,^^ = 10.6 
MeV. Compared to the the value of the decay constant from the QCD sum rules [14| 
-Ftt^ ~ 20 MeV, the result is qualitatively in almost the same order. 



4. Summary 

The present work has aimed at investigating the hybrid exotic mesons with J^*-' = 1 
within the framework of AdS/QCD. We have first introduced the 5D bulk field dual to 
the 4D quark-gluon vector current 'ipT'^G^aJ^'tp constructed the 5D bulk action for 
the exotic meson. Solving the classical equation of motion for the transverse part of the 
hybrid exotic vector field, we have obtained the explicit form of the vector field in terms 
of the modified Bessel functions with index n = y^l + rri^g^. Imposing the UV boundary 
condition for the vector field to calculate the two-point correlation function, we have de- 
termined n = 3, which fixes the 5D gauge coupling. We have then obtained the eigenvalue 
equation for the hybrid exotic meson mass. 

In order to find the mass of the hybrid exotic meson vri (1400), we have identified 
it as the first excited state of the KK modes. The mass of the vri (1400) turned out to 
be m,ri — 1476 MeV that is close to the experimental data: 1351 it 30 MeV, which is a 
remarkable result, considering the fact that the formalism from AdS/QCD is so simple. 
The mass of the next excited state in the hybrid exotic channel turns out to be 2611 MeV. 
Similar to the p mesons in the hard wall model for non-exotic mesons []39| , the mass 
of the excited state seems quite large in the present study. We also predicted the decay 
constant of vri (1400): -P,ri = 10.6 MeV. Finally, we remark that it will be interesting to 
see if one can study the hybrid exotic meson in a stringy set-up. 



-6- 



Acknowledgment s 



We thank Kwanghyun Jo and Sang-Jin Sin for very helpful discussions. The present work 
is supported by the Korea Research Foundation Grant funded by the Korean Government 
(MOEHRD) (KRF-2006-312-C00507). 



References 

[1] R. L. JafFe and K. Johnson, Unconventional states of confined quarks and gluons, Phys. Lett. 
B 60 (1976) 201. 

[2] E. Klempt and A. Zaitsev, Gluehalls, hybrids, multiquarks. Experimental facts versus QCD 
inspired concepts, Phys. Kept. 454 (2007) 1 [arXiv:0708.4016 [hep-ph]]. 

[3] T. Barnes, Colored quark and gluon constituents in the MIT bag model, Nucl. Phys. B 158 
(1979) 171. 

[4] F. de Viron and J. Weyers, New meson configurations in the hag Model. 1. First order energy 
spectrum of qqg states, Nucl. Phys. B 185 (1981) 391. 

[5] T. Barnes and F. E. Close, A light exotic qqg hermaphrodite meson?, Phys. Lett. B 116 
(1982) 365. 

[6] M. S. Chanowitz and S. R. Sharpc, Hybrids: mixed states of quarks and gluons, Nucl. Phys. 
B 222 (1983) 211 [Erratum-ibid. B 228 (1983) 588]. 

[7] T. Barnes, F. E. Close, F. dc Viron and J. Weyers, qqg hybrid mesons in the MIT bag model, 
Nucl. Phys. B 224 (1983) 241. 

[8] N. Isgur, R. Kokoski and J. E. Paton, Gluonic excitations of mesons: Why they are missing 
and where to find them, Phys. Rev. Lett. 54 (1985) 869. 

[9] F. E. Close and P. R. Page, The production and decay of hybrid mesons by flux tube breaking, 
Nucl. Phys. B 443 (1995) 233 [arXiv:hep-ph/9411301]. 

[10] T. Barnes, F. E. Close and E. S. Swanson, Hybrid and conventional mesons in the flux tube 
model: Numerical studies and their phenomenological implications, Phys. Rev. D 52 (1995) 
5242 [arXiv:hep-ph/9501405]. 

[11] P. R. Page, E. S. Swanson and A. P. Szczepaniak, Hybrid meson decay phenomenology, Phys. 
Rev. D 59 (1999) 034016 [arXiv:hep-ph/9808346] . 

[12] T. Burns and F. E. Close, Hybrid meson properties in lattice QCD and flux tube models, 
Phys. Rev. D 74 (2006) 034003 [arXiv:hep-ph/0604161]. 

[13] I. I. Balitsky, D. Diakonov and A. V. Yung, Exotic mesons with J^'^ = 1"+ from QCD sum 
rules, Phys. Lett. B 112 (1982) 71. 

[14] I. I. Balitsky, D. Diakonov and A. V. Yung, Exotic mesons with J^*^ = 1""'", strange and 
nonstrange, Z. Phys. C 33 (1986) 265. 

[15] J. I. Latorre, P. Pascual and S. Narison, Spectra and hadronic couplings of light 
hermaphrodite mesons, Z. Phys. C 34 (1987) 347. 

[16] J. Govacrts, F. dc Viron, D. Gusbin and J. Weyers, QCD sum rules and hybrid mesons, Nucl. 
Phys. B 248 (1984) 1. 



-7- 



[17] J. Govaerts, L. J. Reinders, H. R. Rubinstein and J. Weyers, Nucl. Phys. B 258 (1985) 215. 

[18] J. Govaerts, L. J. Reinders, P. Prancken, X. Gonze and J. Weyers, Nucl. Phys. B 284 (1987) 
674. 

[19] C. Bernard et al., Lattice calculation of 1 hybrid mesons with improved Kogut-Susskind 
fermions, Phys. Rev. D 68 (2003) 074505 [arXiv:hep-lat/0301024]. 

[20] J. N. Hedditch, W. Kamleh, B. G. Lasscock, D. B. Leinweber, A. G. Williams and 

J. M. Zanotti, 1~+ exotic meson at light quark masses, Phys. Rev. D 72 (2005) 114507 
[arXiv:hep-lat/0509106]. 

[21] C. McNeile and C. Michael [UKQCD Collaboration], Decay width of light quark hybrid meson 
from the lattice, Phys. Rev. D 73 (2006) 074506 [arXiv:hep-lat/0603007]. 

[22] W. D. Apel et al, Analysis of the reaction it- p ^ noetaN at 40-Gev/C beam momentum, 
Nucl. Phys. B 193 (1981) 269. 

[23] D. R. Thompson et al. [E852 Collaboration], Evidence for exotic meson production in the 

reaction n- p ^ tjtt- p at 18-GeV/c, Phys. Rev. Lett. 79 (1997) 1630 [arXiv:hep-ex/9705011]. 

[24] S. U. Chung et al. [E852 Collaboration], Evidence for exotic J^'~^ = 1 meson production in 
the reaction n- p ^ rjir- p at 18-GeV/c, Phys. Rev. D 60 (1999) 092001 
[arXiv:hep-ex/9902003]. 

[25] G. S. Adams et al. [E852 Collaboration], Confirmation of a tt? exotic meson in the rjir^ 
system, Phys. Lett. B 657 (2007) 27 [arXiv:hep-ex/0612062]. 

[26] A. Abele et al. [Crystal Barrel Collaboration] , Exotic rjn state in pd annihilation at rest into 
IT - iroT] p(spectator), Phys. Lett. B 423 (1998) 175. 

[27] A. Abele et al. [Crystal Barrel Collaboration], Evidence for a ttt] P-wave in pp annihilations 
at rest into ttottoT], Phys. Lett. B 446 (1999) 349. 

[28] D. V. Amelin et al., Investigation of hybrid states in the VES experiment at the Institute for 
High Energy Physics (Protvmo), Phys. Atom. Nucl. 68 (2005) 359 [Yad. Fiz. 68 (2005) 388]. 

[29] C. Amsler et al. [Particle Data Group], Review of particle physics, Phys. Lett. B 667 (2008) 
1. 

[30] J. M. Maldacena, The large N limit of superconformal field theories and supergravity. Adv. 
Theor. Math. Phys. 2 (1998) 231 [arXiv:hep-th/9711200]. 

[31] S. S. Gubser, I. R. Klebanov and A. M. Polyakov, Gauge theory correlators from non-critical 
string theory, Phys. Lett. B 428 (1998) 105 [arXiv:hep-th/9802109]. 

[32] E. Witten, Anti-de Sitter space and holography, Adv. Theor. Math. Phys. 2 (1998) 253 
[arXiv:hep-th/9802150]. 

[33] J. Erdmcngcr, N. Evans, I. Kirsch and E. Threlfall, Mesons in gauge/gravity duals - A 
review, Eur. Phys. J. A 35 (2008) 81 [arXiv:071 1.4467 [hep-th]]. 

[34] A. Karch and E. Katz, Adding flavor to AdS/CFT, JHEP 0206 (2002) 043 

[arXiv:hcp-th/0205236]. 

[35] M. Kruczcnski, D. Matcos, R. C. Myers and D. J. Winters, Meson spectroscopy in AdS/GFT 
with flavour, JHEP 0307 (2003) 049 [arXiv:hep-th/0304032]. 



-8- 



[36] M. Kruczenski, D. Matcos, R. C. Myers and D. J. Winters. Towards a holographic dual of 
large-N(c) QCD, JHEP 0405 (2004) 041 [arXiv:hcp-th/0311270]. 

[37] T. Sakai and S. Sugimoto, Low energy hadron physics in holographic QCD, Prog. Theor. 
Phys. 113 (2005) 843 [arXiv:hep-th/0412141]. 

[38] T. Sakai and S. Sugimoto, More on a holographic dual of QCD, Prog. Theor. Phys. 114 
(2005) 1083 [arXiv:hep-th/0507073]. 

[39] J. Erlich, E. Katz, D. T. Son and M. A. Stephanov, QCD and a holographic model of 
hadrons, Phys. Rev. Lett. 95 (2005) 261602 [arXiv:hep-ph/0501128]. 

[40] L. Da Rold and A. Pomarol, Chiral symmetry breaking from five dimensional spaces, Nucl. 
Phys. B 721 (2005) 79 [arXiv:hep-ph/0501218]. 

[41] L. Da Rold and A. Pomarol, The scalar and pseudoscalar sector in a five-dimensional 
approach to chiral symmetry breaking, JHEP 0601 (2006) 157 [arXiv:hep-ph/0510268]. 

[42] T. D. Cohen, Quantum number exotic hybrid mesons and large Nc QCD, Phys. Lett. B 427 
(1998) 348 [arXiv:hep-pli/9801316]. 

[43] N. Isgur and J. E. Paton, A flux tube model for hadrons in QCD, Phys. Rev. D 31 (1985) 
2910. 

[44] E. S. Swanson, The flux tube model: Applications, tests, and extensions, 
arXiv:hep-pli/0311328. 

[45] A. W. Thomas and A. P. Szczepaniak, Chiral extrapolations and exotic meson spectrum, 
Phys. Lett. B 526 (2002) 72 [arXiv:hep-ph/0106080]. 

[46] I. R. Klebanov and E. Witten, AdS/CFT correspondence and symmetry breaking, Nucl. Phys. 
B 556 (1999) 89 [arXiv:hep-th/9905104]. 



-9- 



